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CERAMIC ELECTRONIC DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2021 -

104045, filed on Jun. 23, 2021, the entire contents of which
are incorporated herein by reference.

FIELD

A certain aspect of the present disclosure relates to a
ceramic electronic device.

BACKGROUND

Recently, electronic devices such as smart phones are
downsized. And, the electronic devices have high perfor-
mance. Therefore, downsizing of ceramic electronic devices
mounted on the electronic devices 1s requested. However,
for example, when a chip size of the ceramic electronic
devices 1s reduced, an area of internal electrode layers facing
dielectric layers 1s also reduced. In this case, electrostatic
capacity 1s also reduced. In order to secure the electrostatic
capacity and reduce the chip size, high density stacking, in
which thicknesses of the dielectric layers and thicknesses of
the internal electrode layers are reduced and the number of
stacked layers 1s increased, 1s requested. Moreover, it 1s
necessary to immprove the performance of the dielectric
layers such as dielectric constant. The electrostatic capacity
1s 1nversely proportional to the thickness of the dielectric
layers, in the following formula. It 1s therefore eflective to
reduce the thickness of the dielectric layers.

(C=exS/d

C: electrostatic capacity [F], €: dielectric constant of dielec-
tric material [F/n], S: electrode area [m*], interval of elec-
trodes (thickness of the dielectric layers): d [m]

SUMMARY OF THE INVENTION

According to a first aspect of the embodiments, there 1s
provided a ceramic electronic device including: a multilayer
structure 1n which each of a plurality of dielectric layers of
which a main component 1s ceramic and each of a plurality
of internal electrode layers having pores are alternately
stacked, wherein a continuity modulus of at least one of the
plurality of internal electrode layers 1s 80% or less, and
wherein an average pore diameter of the pores of the at least
one of the plurality of internal electrode layers 1s equal to or
less than each thickness of the plurality of dielectric layers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a partial cross-sectional perspective view of a
multilayer ceramic capacitor;

FIG. 2 1s a cross-sectional view taken along line A-A in
FIG. 1;

FIG. 3 1s a cross-sectional view taken along line B-B in
FIG. 1;

FIG. 4 1llustrates a continuity modulus of an internal
clectrode layer;

FI1G. 5 1llustrates a calculation method of an average pore
diameter:;

FIG. 6 A to FIG. 6D 1illustrate a part of a model used for

a simulation;
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FIG. 7A to FIG. 7D 1illustrate a part of a model used for
a simulation;

FIG. 8 illustrates a graph of an electrostatic capacity;

FIG. 9 illustrates a graph of an electrostatic capacity
retention rate; and

FIG. 10 1llustrates a flow of a manufacturing method of a
multilayer ceramic capacitor.

DETAILED DESCRIPTION

Multilayer ceramic capacitors are formed by stacking a
dielectric green sheet and metal conductive paste including
metal particles such as N1 or Cu, and sintering and contract-
ing the dielectric green sheet and the metal conductive paste.
In this case, a sintering starting temperature of the metal
particles 1s largely diflerent from a sintering starting tem-
perature of the dielectric matenial. Therefore, a difference
between the contraction of the metal conductive paste 1 a
firing process and the contraction of the dielectric green
sheet 1n the firing process becomes large. In this case,
structural defect such as a pore occurs in the internal
clectrode layer. Thereby, a continuity modulus of the inter-
nal electrode layer may be reduced. When the continuity
modulus 1s reduced, performance degradation such as reduc-
tion or variation of electrostatic capacity may occur. Alter-
natively, the internal electrode layer may be broken. In this
case, the function of a capacitor cannot be achieved.

In order to improve the continuity modulus of the internal
clectrode layer, many things have been studied. For
example, 1n order to decrease the difference between the
contraction of the metal conductive paste and the contraction
of the dielectric green sheet in the firing process, there are
proposed many methods of adding a co-material made of
ceramic 1n the metal conductive paste (for example, see
Japanese Patent Application Publication No. 2014-082435).
There are proposed methods of improving wettability
between the metal conductive paste and the dielectric green
sheet by adding a metal element such as Ca, Mg, Ba or Mn
to the metal conductive paste (for example, see Japanese
Patent Application Publication No. 2016-192477). There are
proposed methods of adjusting sintering characteristic of Ni
by forming a coating film on Ni particles of the metal
conductive paste (for example, see Japanese Patent Appli-
cation Publication No. 2015-131982). There are proposed
methods of improving resistance of N1 to heat by adding Pt
or Au 1n the metal conductive paste (for example, see
Japanese Patent Application Publication No. 2011-228023).

On the other hand, when the continuity modulus of the
internal electrode layer becomes large, stress caused by the
difference of the contraction between the internal electrode
layer and the dielectric layer during the firing process 1s not
absorbed. In this case, crack may easily occur. Therelore,
there are proposed methods of limiting the continuity modu-
lus (for example, see Japanese Patent Application Publica-
tion No. 2013-089944, Japanese Patent Application Publi-
cation No. 2006-332334, Japanese Patent Application
Publication No. H11-031633, and Japanese Patent Applica-
tion Publication No. H10-012476). However, when the
continuity modulus 1s limited, the electrostatic capacity may
be reduced.

Heremaftter, an exemplary embodiment will be described
with reference to the accompanying drawings.

Exemplary Embodiment

FIG. 1 1illustrates a perspective view of a multilayer
ceramic capacitor 100 1n accordance with an embodiment, 1n
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which a cross section of a part of the multilayer ceramic
capacitor 100 i1s illustrated. FIG. 2 1s a cross-sectional view
taken along line A-A in FIG. 1. FIG. 3 1s a cross-sectional
view taken along line B-B i FIG. 1. As 1llustrated 1n FIG.
1 to FIG. 3, the multilayer ceramic capacitor 100 includes a
multilayer chip 10 having a rectangular parallelepiped
shape, and external electrodes 20a and 206 that are respec-
tively provided on two edge faces of the multilayer chip 10
tacing each other. Among four faces other than the two edge
taces of the multilayer chip 10, two faces other than the top
tace and the bottom face in the stack direction are referred
to as side faces. Each of the external electrodes 20a and 205
extends to the top face and the bottom face in the stack
direction and the two side faces of the multilayer chip 10.
However, the external electrodes 20a and 206 are spaced
from each other.

The multilayer chip 10 has a structure designed to have
dielectric layers 11 and internal electrode layers 12 alter-
nately stacked. The dielectric layer 11 contains a ceramic
material acting as a dielectric material. The internal elec-
trode layer 12 contains a base metal. End edges of the
internal electrode layers 12 are alternately exposed to a first
end face of the multilayer chip 10 and a second end face of
the multilayer chip 10 that 1s different from the first end face.
The external electrode 20qa 1s provided on the first end face.
The external electrode 206 1s provided on the second end
tace. Thus, the internal electrode layers 12 are alternately
clectrically connected to the external electrode 20q and the
external electrode 205b. Accordingly, the multilayer ceramic
capacitor 100 has a structure in which a plurality of the
dielectric layers 11 are stacked with the internal electrode
layers 12 interposed therebetween. In the multilayer struc-
ture of the dielectric layers 11 and the internal electrode
layers 12, the outermost layers 1n the stack direction are the
internal electrode layers 12, and cover layers 13 cover the
top Tace and the bottom face of the multilayer structure. The
cover layer 13 1s mainly composed of a ceramic material.
For example, the main component of the cover layer 13 is
the same as the main component of the dielectric layer 11.

For example, the multilayer ceramic capacitor 100 may
have a length of 0.25 mm, a width o1 0.125 mm, and a height
of 0.125 mm. The multilayer ceramic capacitor 100 may
have a length of 0.4 mm, a width of 0.2 mm, and a height
of 0.2 mm. The multilayer ceramic capacitor 100 may have
a length of 0.6 mm, a width of 0.3 mm, and a height of 0.3
mm. The multilayer ceramic capacitor 100 may have a
length of 1.0 mm, a width of 0.5 mm, and a height of 0.5
mm. The multilayer ceramic capacitor 100 may have a
length of 3.2 mm, a width of 1.6 mm, and a height of 1.6
mm. The multilayer ceramic capacitor 100 may have a
length of 4.5 mm, a width of 3.2 mm, and a height of 2.5
mm. However, the size of the multilayer ceramic capacitor
100 1s not limited to the above sizes.

The internal electrode layer 12 1s mainly composed of a
base metal such as nickel (N1), copper (Cu), or tin (Sn). The
internal electrode layer 12 may be composed of a noble
metal such as platinum (Pt), palladium (Pd), silver (Ag), or
gold (Au) or alloy including one or more of them.

The dielectric layer 11 1s mainly composed of a ceramic
material having a perovskite structure expressed by a gen-
eral formula ABO,. The perovskite structure includes
ABO,_, having an ofi-stoichiometric composition. For
example, the ceramic material 1s such as BaTiO, (barium
titanate), CaZrO; (calcium zirconate), CaliO, (calcium
titanate), SrT10; (strontium titanate), MgT10; (magnesium
titanate), Ba, . Ca Sr /11, Zr O; (O=x=l, Osy=l, O=sz<l)
having a perovskite structure. Ba, ,_ Ca Sr 11, Zr,O; may
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4

be barium strontium titanate, barium calcium titanate,
barium zirconate, barium titanate zirconate, calcium titanate
zirconate, barium calcium titanate zirconate or the like.

As 1llustrated 1n FIG. 2, the section where the internal
clectrode layer 12 connected to the external electrode 20q
faces the mternal electrode layer 12 connected to the exter-
nal electrode 205 1s a section where capacity 1s generated in
the multilayer ceramic capacitor 100. Thus, this section 1s
referred to as a capacity section 14. That 1s, the capacity
section 14 1s a section where two adjacent internal electrode
layers 12 connected to diflerent external electrodes face each
other.

The section where the internal electrode layers 12 con-
nected to the external electrode 20q face each other with no
internal electrode layer 12 connected to the external elec-
trode 206 interposed therebetween 1s referred to as an end
margin 15. The section where the imnternal electrode layers 12
connected to the external electrode 205 face each other with
no internal electrode layer 12 connected to the external
clectrode 20q interposed therebetween 1s also the end mar-
gin 15. That 1s, the end margin 15 1s a section where the
internal electrode layers 12 connected to one of the external
clectrodes face each other with no internal electrode layer 12
connected to the other of the external electrodes interposed
therebetween. The end margin 15 1s a section where no
capacity 1s generated.

As 1llustrated mn FIG. 3, 1n the multilayer chip 10, the
section from each of the two side faces of the multilayer chip
10 to the mnternal electrode layers 12 1s referred to as a side
margin 16. That 1s, the side margin 16 1s a section that covers
cach of the edges, extending toward the respective side faces
of the multilayer structure, of the stacked internal electrode
layers 12. The side margin 16 1s a section where no capacity
1s generated.

FIG. 4 1illustrates the continuity modulus of the internal
clectrode layer 12. As 1llustrated 1n FIG. 4, in an observation
having a length L0 1n the internal electrode layer 12,
lengths L1, L2 to Ln of metal portions are measured and
summed. A ratio of the metal portions X Ln/Lo can be
defined as the continuity modulus. For example, the obser-
vation area of which L0 1s 20 um which 1s 20 times as the
thickness of the dielectric layer 11 which 1s 1 um.

When the continuity modulus of the iternal electrode
layer 12 1s enlarged, 1t 1s possible to suppress decrease or
variation of electrostatic capacity of the multilayer ceramic
capacitor 100. However, the electrostatic capacity 1s not
determined by only the continuity modulus. When the
continuity modulus of the internal electrode layer 12 1is
excessively large, stress caused by a difference of a con-
traction factor between the internal electrode layer 12 and
the dielectric layer 11 during the sintering i1s not absorbed.
In this case, crack may easily occur.

The present mventors have found that 1t 1s possible to
suppress occurrence of crack and improve the electrostatic
capacity by controlling an average value of diameters of
pores (hereinafter referred to an average pore diameter) in
the internal electrode layer 12, 1n addition to the continuity
modulus of the internal electrode layer 12. Details will be
described. In the following description, the internal elec-
trode layer of which the continuity modulus and the average
pore diameter are controlled may be a part of the internal
clectrode layers 12 of the multilayer ceramic capacitor 100
or all of the internal electrode layers 12 of the multilayer
ceramic capacitor 100.

The average pore diameter 1n the internal electrode layer
12 can be obtained, for example, based on the following
measurement. First, as illustrated in FIG. 5, 1n an observa-




US 11,967,463 B2

~
tion region of length L0 1n the internal electrode layer 12, the
lengths D1, D2, . . ., Dm of the portions (pores) in which

no metal 1s present are measured and summed. The average
value 2Dm/m 1s obtained by dividing the summed value by
the number of the lengths “m”. Here, it 1s assumed that the
pore formed 1n the internal electrode layer 12 1s a pore that
penetrates the internal electrode layer 12 1n the thickness
direction, and 1s, for example, a cylindrical shape. The pores
may be 1 a vacuum state, air may remain, Or ceramic
components may remain. If the cross section of the cross
section figure passes through the center of the pore, Dm 1s
equal to the diameter of the pore. If the cross section of the
cross section figure deviates from the center of the pore, Dm
1s smaller than the diameter of the pore. The expected value
of the pore diameter 1s 4/mxDm, which 1s obtained by
multiplying Dm by 4/m(=1.2724). Therefore, the average
pore diameter can be defined as 4/ax2Dm/m. Further, the
continuity modulus and the average pore diameter may be
measured by a method as 1n Japanese Patent Application
Publication No. 2018-056433. Although 1t does not depend
on the measuring method, 1t 1s desirable to measure and
obtain as many points as possible. In the observation region
of length L0, the average pore diameter may be calculated
by extracting only the pores whose Dm 15 V10 or more of the
thickness of the dielectric layer 11.

When the continuity modulus of the internal electrode
layer 12 decreases, the capacity also decreases. However, 1t
1s difficult to accurately determine how much the electro-
static capacity decreases by experiments. The reason 1s that
it 1s diflicult to completely control the structure such as the
thickness of the dielectric layer 11, the thickness of the
internal electrode layer 12, the continuity modulus of the
internal electrode layer 12, and the area of the internal
clectrode layer 12 to make the multilayer ceramic capacitor
100. However, these problems are unlikely to occur in
computer simulations. Therefore, the electrostatic capacity
of the multilayer ceramic capacitor 100 when the continuity
modulus of the internal electrode layer 12 and the average
pore diameter are changed 1s obtained by the electric field
analysis of the computer simulation. As the simulation
software for electrolytic analysis, Ansys Maxwell 2020 R1,
an electromagnetic field analysis software manufactured by
Ansys, 1s used.

FIG. 6 A to FIG. 7D illustrate some examples of the model
used 1n the simulation. As illustrated 1n FIG. 6 A to FIG. 7D,
cach model 1s a model obtained by cutting out the 1nside of
the multilayer ceramic capacitor 100. In this model, the
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MODULUS

(%)

100
95
90
80
70
60
50
40
30

boundary conditions are set so that the pattern of the same
structure 1s repeated. Therelfore, this model 1s a model 1n
which cylindrical pores penetrating the internal electrode

6

layer 12 are regularly arranged. Moreover, the required
clectrostatic capacity 1s per unit volume or umt area. As the
conditions of the simulation, the thickness of the dielectric
layer 11 1s 1 um, and the relative dielectric constant €R 1s
5,000.

In a model of FIG. 6A, the continuity modulus of the
internal electrode layer 12 1s 100%. There 1s no pore 1n the
internal electrode layer 12. Therefore, an average pore
diameter 1s 0. In a model of FI1G. 6B, the continuity modulus
of the internal electrode layer 12 1s 80%. The average pore
diameter of the internal electrode layer 12 1s 1 um. In a
model of FIG. 6C, the continuity modulus of the internal
clectrode layer 12 1s 50%. The average pore diameter of the
internal electrode layer 12 1s 1 um. In a model of FIG. 6D,
the continuity modulus of the internal electrode layer 12 1s
30%. The average pore diameter of the internal electrode
layer 12 1s 1 um. As apparent from the models, even 1f the
average pore diameter 1s equal to each other, positions 1n
which a metal component exists 1n the internal electrode
layer 12 are diflerent from each other 1n the models having
a different continuity modulus.

In a model of FIG. 7A, the continuity modulus of the
internal electrode layer 12 1s 50%. The average pore diam-
cter of the internal electrode layer 12 1s 0.25 um. In a model
of FIG. 7B, the continuity modulus of the internal electrode
layer 12 1s 50%. The average pore diameter of the internal
clectrode layer 12 1s 0.5 um. In a model of FIG. 7C, the
continuity modulus of the internal electrode layer 12 1s 50%.
The average pore diameter of the internal electrode layer 12
1s 2 um. In a model of FIG. 7D, the continuity modulus of
the internal electrode layer 12 1s 50%. The average pore
diameter of the internal electrode layer 12 1s 4 um. As
apparent from the models, even 1f the continuity modulus 1s
equal to each other, positions 1n which a metal component
exists 1n the internal electrode layer 12 are different from
cach other in the models having a different average pore
diameter.

Table 1 shows simulated electrostatic capacity. FIG. 8
illustrates a graph of the simulated electrostatic capacity.
The electrostatic capacity 1s an electrostatic capacity [mF
m~] per an effective area. The continuity modulus is respec-
tively 100%, 95%, 90%, 80%, 70%, 60%, 50%, 40%, and
30%. The average pore diameter 1s respectively 0.03125 um,
0.0625 um, 0.125 um, 0.25 um, 0.5 um, 1 um, 2 um, 4 wm,
8 um, and 16 um. The model of which the continuity
modulus 1s 100% has no pore. Therefore, the average pore
diameter of the model of which the continuity modulus 1s

100% 1s 0.

TABL.

T
[—

AVERAGE PORE DIAMETER (um)

65

0.03125 0.0625 0.125 025 0.5 1 , 4 8 16
44.27 4427 4427 4427 4427 4427 4427 4427 4427 4407
44.25 4423 4418 44.09 43.85 43.41 42.67 41.81 41.16 40.79
44.23  44.17 44.06 43.83 43.36 42.47 41.04 39.39 38.15 37.43
44.16  44.05 43.82 43.33 42.39 40.65 37.88 34.75 32.43 31.09
44.10  43.92 43.55 42.81 41.42 38.89 34.91 30.38 27.01 25.09
44.03  43.77 43.25 42.24 4037 37.07 32.03 2625 21.88 19.38
43.94  43.59 4291 41.60 39.20 35.16 29.22 22.52 17.39 14.47
43.83 4339 42.52 40.88 37.94 33.17 26.54 19.29 13.74 10.61
43.70  43.14 42.03 39.96 36.40 30.89 23.72 1631 10.75 7.63

From the results of Table 1 and FIG. 8, 1in the models other
than the model of which the continuity modulus 1s 100%, the
clectrostatic capacity decreases as the continuity modulus
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decreases, with respect to each average pore diameter.
However, the degree of decrease largely changes according
to the average pore diameter. That 1s, the larger the average
pore diameter 1s, the larger the degree of decrease of the
clectrostatic capacity 1s. The smaller the average pore diam-
cter 1s, the smaller the degree of decrease of the electrostatic
capacity 1s. Therefore, even 1t the continuity modulus 1is
equal to each other, the electrostatic capacity can be enlarged
when the average pore diameter 1s reduced. It 1s thought that
the degree of decrease of the electrostatic capacity changes
according to the average pore diameter because when the
pore 1s large, a ratio of a region, in which an electric field
cannot go around and the electrostatic capacity 1s not
generated, increases 1n the capacity section 14.

Next, the ratio from the electrostatic capacity of the model
with the continuity modulus of 100% 1s defined as the
clectrostatic capacity retention rate. Table 2 shows the
obtained electrostatic capacity retention rate. FIG. 9 shows
a graph of the obtained electrostatic capacity retention rate.
The electrostatic capacity retention rate also shows the same

tendency as the electrostatic capacity. The degree of

decrease 1n the electrostatic capacity retention rate according
to the continuity modulus varies greatly depending on the
average pore size. In particular, the difference 1s remarkable
when the continuity modulus 1s 80% or less. Moreover,
when the average pore diameter 1s set to 1 um or less, 1t 1s
possible to eflectively prevent the decrease in the electro-
static capacity retention rate due to the decrease in the
continuity modulus.
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cllectively prevented by making the average pore diameter
1 um or less. In other words, 1t 1s possible to eflectively
prevent the decrease in the electrostatic capacity, when the
average pore diameter 1s the thickness of the dielectric layer
11 or less.

From the above results, when the continuity modulus of
the internal electrode layer 12 1s 80% or less, the average
pore diameter of the internal electrode layer 12 1s set to be
equal to or less than the thickness of the dielectric layer 11
to design the high-performance multilayer ceramic capacitor
100. For example, 1t 1s possible to design the unprecedented
multilayer ceramic capacitor 100 that maintains a high
clectrostatic capacity by reducing the average pore diameter
while suppressing the generation of cracks by lowering the
continuity modulus of the internal electrode layer 12.

From a view point of effectively suppressing reduction of
the retention rate of the electrostatic capacity, when the
continuity modulus of the internal electrode layer 12 1s 80%
or less, it 1s preferable that the average pore diameter of the
internal electrode layer 12 1s 0.9 times or less of the
thickness of the dielectric layer 11. It 1s more preferable that
the average pore diameter 1s 0.8 times or less of the thickness
of the dielectric layer 11. It 1s still more preferable that the
average pore diameter 1s 0.5 times or less of the thickness of
the dielectric layer 11.

When the continuity modulus of the internal electrode
layer 12 1s excessively small, suflicient electrostatic capacity
may not be necessarily achieved. Accordingly, it 1s prefer-
able that the continuity modulus of the internal electrode

TABLE 2
CONTINUITY
MODULUS AVERAGE PORE DIAMETER (um)

(%) 0.03125 0.0625  0.125 0.25 0.5 1 4 8 16

100 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00
95 99.96 99.90 99.80 99.58 99.06 9%8.06 96.38 94.44 92.96 92.13
90 99.90 99.78 99.51 99.01 97.94 95.94 92.71 88.97 86.16 84.56
80 99.76 99.51 98.9% 0787 95.75 91.82 85.56 78.50 73.24 70.23
70 99.601 99.20 98.37 96.70 93.55 87.85 78.85 08.03 01.02 560.67
60 99.45 98.86 97.70 95.42 91.1% 83.74 72.34 59.29 49.42 43.77
50 99.24 98.46 96.92 93.96 88.56 79.42 66.01 50.86 39.28 32.69
40 99.01 98.02 96.05 92.33 85.70 74.93 59.95 43.58 31.04 23.97
30 98.71 97.43 94.93 90.27 82.23 09.78 53.57 30.84 24.27 17.23

45

When the relative dielectric constant of the dielectric
layer 11 1s changed under the current calculation conditions,
the electrostatic capacity changes. However, the electrostatic
capacity retention rate does not change. This 1s because the
clectrostatic capacity of the model with a continuity modu-
lus of 100% and the electrostatic capacity of the model with
a continuity modulus of less than 100% change at the same
rat10. Therefore, the above result does not depend on the
relative dielectric constant of the dielectric layer 11. That 1s,
it does not depend on the material of the dielectric layer 11.

On the other hand, when the thickness of the dielectric
layer 11 1s changed, both the electrostatic capacity and the
clectrostatic capacity retention rate change. Here, as for the
clectrostatic capacity retention rate, the results of the dielec-
tric layer 11 having a thickness of 1 um and the internal
clectrode layer 12 having the average pore diameter of 1 um
and the results of the dielectric layer 11 having a thickness
of 0.5 um and the internal electrode layer 12 having the
average pore diameter of 0.5 um are similar to each other 1n
the model. Therefore, the same value 1s obtained. Therefore,
when the thickness of the dielectric layer 11 1s 1 um, the
decrease 1n the electrostatic capacity retention rate can be

50
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layer 12 has a lower limit. For example, it 1s preferable that
the continuity modulus of the internal electrode layer 12 1s
50% or more. It 1s more preferable that the continuity
modulus 1s 60% or more. It 1s still more preferable that the
continuity modulus 1s 70% or more.

It 1s preferable that the average pore diameter of the
internal electrode layer 12 1s small, as described on the basis
of FIG. 8 and FIG. 9. For example, it 1s preferable that the
average pore diameter of the internal electrode layer 12 15 5
um or less. It 1s more preferable that the average pore
diameter 1s 1 um or less. It 1s still more preferable that the
average pore diameter 1s 0.5 um or less.

Each thickness of the dielectric layers 11 may be 0.1 um
or more and 10 um or less, 0.3 um or more and 3 um or less,
or 0.5 um or and 1 um or less. It 1s possible to measure each
thickness of the dielectric layers 11 by calculating an aver-
age ol thicknesses at 10 different positions of an image
captured by a microscope such as a scanning transmission
clectron micro scope, after obtaining a cross section of the
multilayer ceramic capacitor illustrated in FIG. 2 by a
mechanical polishing.

Each thickness of the internal electrode layers 12 may be
0.1 um or more and 3 um or less, 0.5 um or more and 2 um
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or less, or 0.8 um or and 1.2 um or less. It 1s possible to
measure each thickness of the internal electrode layers 12 by
calculating an average of thicknesses at 10 diflerent posi-
tions of an 1mage captured by a microscope such as a
scanning transmission electron micro scope, alter obtaining
a cross section of the multilayer ceramic capacitor 1llustrated
in FIG. 2 by a mechanical polishing.

Next, the manufacturing method of the multilayer ceramic
capacitor 100 will be described. FI1G. 10 1s a flowchart of the

manufacturing method of the multilayer ceramic capacitor
100.

|[Making of Raw Material Powder]

A dielectric material for forming the dielectric layer 11 1s
prepared. The A site element and the B site element con-
tained 1n the dielectric layer 11 are contained 1n the dielectric
layer 11 typically in the form of a sintered compact of ABO,
particles. For example, BaTiO, 1s a tetragonal compound
having a perovskite structure, and exhibits high dielectric
constant. This BaT10, can be obtained typically by reacting
a titanium raw material such as titantum dioxide with a
bartum raw material such as barium carbonate to synthesize
bartum titanate. Various methods have been known as a
synthesizing method of ceramic constituting the dielectric
layer 11. For example, the solid phase method, the sol-gel
method, the hydrothermal method, and the like are known.
Any one of the above methods can be employed 1n the
present embodiment.

Additive compound 1s added to the resulting ceramic
powder 1 accordance with purposes. The additive com-
pound may be an oxide of Mg (magnesium), Mn (manga-
nese), V (vanadium), Cr (chromium) or an rare earth element
(Y (yttrium), Sm (samarium), Eu (europium), Gd (gado-
lintum), Tb (terbium), Dy (dysprosium), Ho (holmium), Er
(erbium), Tm (thulium), or Yb (ytterbium)) or an oxide of
Co (cobalt), N1 (nmickel), L1 (lithium), B (boron), Na (so-
dium), K (potassium) or S1 (silicon), or glass including
cobalt, nickel, lithium, boron, sodium, potassium or silicon.

For example, a compound including an additive 1s wet-
blended with the resulting ceramic raw material powder. The
resulting ceramic material powder 1s dried and crushed.
Thus, a ceramic material 1s prepared. For example, the
resulting ceramic maternal 1s crushed 1f necessary. Thus, a
particle diameter 1s adjusted. Alternatively, the particle
diameter may be further adjusted by a classification process.
Thus, a dielectric material 1s obtained.

[ Stacking Process]

Next, a binder such as polyvinyl butyral (PVB) resin, an
organic solvent such as ethanol or toluene, and a plasticizer
are added to the resulting dielectric material and wet-
blended. With use of the resulting slurry, a strip-shaped
dielectric green sheet 1s painted on a base maternial by, for
example, a die coater method or a doctor blade method, and
then dried.

Next, an 1internal electrode layer pattern 1s formed on the
surface of the dielectric green sheet by printing a metal
conductive paste for forming the internal electrode with use
ol screen printing or gravure printing. The metal conductive
paste for forming the internal electrode contains an organic
binder. A plurality of internal electrode layer patterns are
alternately exposed to a pair of external electrodes. Ceramic
particles are added as a co-matenal to the metal conductive
paste. The main component of the ceramic particles 1s not
particularly limited, but 1s preferably the same as the main
component ceramic of the dielectric layer 11. For example,
BaTiO; of which an average grain diameter 1s 50 nm or less
may be evenly dispersed.
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After that, the dielectric green sheet on which the internal
clectrode layer pattern 1s printed 1s stamped into a prede-
termined size, and a predetermined number (for example,
100 to 1000) of stamped dielectric green sheets are stacked
while the base material 1s peeled so that the internal elec-
trode layers 12 and the dielectric layers 11 are alternated
with each other and the end edges of the internal electrode
layers 12 are alternately exposed to both edge faces in the
length direction of the dielectric layer so as to be alternately
led out to a pair of external electrodes of different polariza-
tions. Cover sheets to be the cover layers 13 are clamped on
the upper face and the lower face of the stacked dielectric
green sheets 1n the stacking direction. And, the resulting
multilayer structure 1s cut into a predetermined chip size (for
example, 1.0 mmx0.5 mm).
|[Firing Process]

The binder 1s removed from the resulting ceramic multi-
layer structure 1n N, atmosphere. After that, metal paste to
be the base layer of the external electrodes 20a and 205 1s
painted by a dipping method. The resulting ceramic multi-
layer structure 1s fired 1n a reducing atmosphere with an
oxygen partial pressure of 107'* to 10~ MPa in a tempera-
ture range of 1160° C. to 1280° C. for 5 minutes to 10
minutes.

[Re-Oxidation Process]

In order to return the oxygen into the barium titanate
acting as the main phase of the dielectric layers 11 which are
fired 1n the reductive atmosphere and 1s partially reduced, a
thermal process may be performed 1n a mixed gas of N, and
moisture at approximately 1000 degrees C. or in a normal
atmosphere at 500 degrees C. to 700 degrees C. so that the
internal electrode layers 12 are not oxidized. The process 1s
called a re-oxidation process.

[Plating Process]

After that, metal layers such as Cu, Ni, Sn or the like may
be formed on the base layers of the external electrodes 20a
and 206 by plating. With the processes, the multilayer
ceramic capacitor 100 1s fabricated.

In order to reduce the average pore diameter of the
internal electrode layer 12, for example, the particle diam-
cter of the main component metal particles in the metal
conductive paste for forming the internal electrode layer 12
1s reduced, and the average temperature elevation rate from
room temperature to the maximum temperature at the time
of finng 1s reduced. Thus, the growth of the pores in the
internal electrode layer 12 1s suppressed. Alternatively, 1t 1s
concelvable to add particles made of a material having a
high melting point to the metal conductive paste. For
example, the particle diameter of the main component metal
particles 1n the metal conductive paste for forming the
internal electrode layer 12 1s %2 or less of the thickness of the
internal electrode layer 12. For example, metal particles
having a particle diameter of 100 nm or less may be used as
the main component metal particles. More preferably, metal
particles having a particle diameter of 50 nm or less may be
used as the main component metal particles. Alternatively,
the average temperature elevation rate from room tempera-
ture to the maximum temperature at the time of firing 1s 100°
C./'sec or more, more preferably 200° C./sec or more.
Alternatively, molybdenum (Mo), niobium (Nb), tantalum
(Ta), and tungsten (W) are used as the high melting point
material to be added to the metal conductive paste.

In the embodiments, the multilayer ceramic capacitor 1s
described as an example of ceramic electronic devices.
However, the embodiments are not limited to the multilayer
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ceramic capacitor. For example, the embodiments may be
applied to another electronic device such as varistor or
thermaistor.

Although the embodiments of the present invention have
been described 1n detail, 1t 1s to be understood that the
various change, substitutions, and alterations could be made
hereto without departing from the spirit and scope of the
invention.

What 1s claimed 1s:

1. A ceramic electronic device comprising:

a multilayer structure i which each of a plurality of

dielectric layers of which a main component 1s ceramic
and each of a plurality of internal electrode layers
having pores are alternately stacked,
wherein a continuity modulus of at least one of the
plurality of internal electrode layers 1s 80% or less, and
wherein an average pore diameter of the pores of the at
least one of the plurality of internal electrode layers i1s
equal to or less than each thickness of the plurality of
dielectric layers.
2. The ceramic electronic device as claimed in claim 1,
wherein the continuity modulus 1s 50% or more.
3. The ceramic electronic device as claimed 1n claim 1
wherein the average pore diameter 1s 100 um or less.
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4. The ceramic electronic device as claimed 1n claim 1,
wherein an average thickness of the plurality of dielectric
layers 1s 0.1 um or more and 10 um or less.

5. The ceramic electronic device as claimed 1in claim 1,
wherein an average thickness of the plurality of internal
clectrode layers 1s 0.1 um or more and 3 um or less.

6. The ceramic electronic device as claimed 1n claim 1,

wherein the average pore diameter 1s defined as 4/mx
2Dm/m, when a number of the pores 1n an observation
area ol a cross section of one selected internal electrode

layer of the plurality of internal electrode layers 1s “m”,
and a total length of the pores 1s 2Dm.

7. The ceramic electronic device as claimed 1n claim 6,

wherein the average pore diameter 1s calculated by
extracting pores having a length of Y10 or more of an
average thickness of the plurality of dielectric layers.

8. The ceramic electronic device as claimed 1n claim 1,

wherein each thickness of the plurality of dielectric layers
1s 1 um or less, and

wherein the average pore diameter of the pores 1s 1 um or
less.
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